Abstract. Central polar cap convection changes associated with southward turnings of the Interplanetary Magnetic Field (IMF) are studied using a chain of Canadian Advanced Digital Ionosondes (CADI) in the northern polar cap. A study of 32 short duration (1 h) southward IMF transition events found a three stage response: (1) initial response to a southward transition is near simultaneous for the entire polar cap; (2) the peak of the convection speed (attributed to the maximum merging electric ®eld) propagates poleward from the ionospheric footprint of the merging region; and (3) if the change in IMF is rapid enough, then a step in convection appears to start at the cusp and then propagates antisunward over the polar cap with the velocity of the maximum convection. On the nightside, a substorm onset is observed at about the time when the step increase in convection (associated with the rapid transition of IMF) arrives at the polar cap boundary.
Introduction
A number of observations over the past two decades have shown that the plasma¯ow in the Earth's polar ionosphere is driven by the solar wind-magnetosphericionospheric coupling. The nature of this coupling and the resultant plasma¯ow in the high-latitude ionosphere depends on the orientation and strength of the Interplanetary Magnetic Field (IMF). Numerous observations using dierent techniques (e.g., Mozer and Lucht, 1974; Heppner, 1977; Heelis, 1984; Friis-Christensen et al., 1985; Foster et al., 1986; Heppner and Maynard, 1987; Senior et al., 1990; Cannon et al., 1991; Ruohoniemi and Greenwald, 1995a, b; Rich and Hairston, 1994) and theoretical as well as empirical models (Heelis, 1984; Heppner and Maynard, 1987; Lockwood et al., 1990; Weimer, 1995 Weimer, , 1996 have increased our knowledge of the nature of the high-latitude ionospheric convection for dierent orientations of the IMF. However, the nature of the overall convection response to short duration of southward IMF conditions is not well understood and explored.
Most of the previous studies (Todd et al., 1998; Etamadai et al., 1988; Saunders et al., 1992; Ridley et al., 1998; Ruohoniemi and Greenwald, 1998) were either con®ned to auroral regions (closed ®eld lines) or regions near to the polar cap boundary. Some of these have shown that the high-latitude convection responds with a delay after southward transition of IMF (Etamadi et al., 1988; Todd et al., 1988) , although there are signi®cant dierences in the measured delays. Ruohoniemi and Greenwald (1998) using SuperDARN convection measurements and Ridley et al. (1998) using magnetometer and AMIE technique (Richmond and Kamide, 1988) infer that the entire high-latitude convection changes almost simultaneously. However, the exact nature of the¯ow response is a subject of debate (Lockwood and Cowley, 1999; Ridley et al., 1999) .
Based on these previous studies, there are two schools of thought pertaining to the ionospheric convection response to the southward transition of IMF. They are: (1) near simultaneous response of the entire convection pattern (by magnetosonic waves) (Ridley et al., 1998) or, (2) delayed response due to the propagation of the convection change (in the form of two cell pattern) from the cusp . A study by Saunders et al. (1992) using the CANOPUS magnetometer array has shown the¯ow response was ®rst initiated near the noon sector and spreads towards the dawn and dusk sector with longitudinal phase velocity of the order of 5 km/s. This pattern of change agrees with the theory of Cowley and Lockwood (1992) . Recently Shepherd et al. (1999) came up with a suggestion, based on observation, that the entire dayside magnetosphere is draped by the IMF, thereby producing near simultaneous response.
Within the polar cap there has not been much information about the exact nature of convection response. It has been suggested that the convection changes in the central polar cap depend on the both the dayside and night side reconnections (Lockwood et al., 1990) . Their model shows high-latitude convection driven jointly by reconnection on the dayside (associated with an expanding polar cap) and by the tail reconnection on the nightside (associated with a contracting polar cap). Siscoe and Huang (1985) derived quantitative model for these¯ows. In their model they have assumed that¯ux is transferred from closed ®eld lines of the dayside auroral zone into the open ®eld lines of the polar cap across a restricted sector of the polar cap boundary near noon, with no¯ow across the boundary at other LMT. The cusp region moves equatorward as the polar cap expands.
In this work, we present a revised pattern of convection response, based on the observation from a chain of Canadian Advanced Digital Ionosondes (CADIs) situated within the polar cap. We ®nd that the central polar cap convection changes associated with short duration southward turning of IMF has 3 components: (1) an initial response to a southward transition that is nearly simultaneous for the entire polar cap, (2) a peak of convection speed (attributed to the maximum merging electric ®eld) that propagates poleward from the ionospheric footprint of the merging region and, if the change in IMF is rapid enough, and (3) a step in convection that appears to start at the cusp and then propagates antisunward over the polar cap with velocity of the maximum convection. Grant et al. (1995) . The IMF and solar wind data used are from the WIND satellite.
Observations
We selected 32 southward turning events between January 1997±February 1999. These events are selected on the basis of the following criteria: (a) the IMF southward excursion should be >30 min and the magnitude should be >2 nT, and (b) CADI drifts should have small uncertainty.
2a Estimation of the delay from the IMF at WIND satellite to the ionosphere In order to look at the convection changes in response to an IMF turning we need to estimate the time when the IMF changes should arrive at the polar cap ionosphere. For almost all the cases studied here (except for two events in February 1999) WIND satellite was in the upstream solar wind. The time delay from the IMF change detected at the satellite and the arrival of the change at the ionosphere is a combination of three segments: (1) the time from the spacecraft to the subsolar bow shock (t 1 ), (2) propagation time from the bow shock to the magnetopause (t 2 ), and (3) the time from the magnetopause to the ionosphere (t 3 ). The value for the communication time between the magnetopause and the ionosphere (t 3 ) is taken to be 2 min representing the average Alfven wave travel time from the magnetosphere to the ionosphere. The time t 1 is give by (X sw ) X b )/V s . Where X sw is the point of intersection of the IMF with the GSE Sun±Earth axis, which is taken as the X-coordinate of the WIND satellite since the satellite was close to the Sun±Earth plane during these observations. X b is the bow shock radius and V s is the measured solar wind speed. The travel time across the magnetosheath (t 2 ) is given by (X b ) X m )/V sh . Where X m is the sub-solar magnetopause radius and V sh is the bulk velocity of the magnetosheath. Here we have assumed that X b = 1.33X m (Fair®eld, 1971 ) and V sh = 0.125V s (Spreiter and Stahara, 1980) and
where n sw is the solar wind particle density and V s is the solar wind velocity and G = 10750 (Holzer and Salvin, 1982) . The delay, t 1 + t 2 + t 3 , is used as an adjustment to the IMF times that will be shown later. We have also estimated the delays using other methods proposed by Ridley et al. (1998) and obtained similar values.
2b Convection responses in the central polar cap
In this section we show four typical examples of the central polar cap convection response to short duration southward IMF transitions. Figure 1 shows the IMF and CADI measurements from Eureka for 22 March 1997 between 07:00±11:00 UT. The top panel shows the IMF, which is adjusted for the delay between the IMF change at the satellite and ionosphere as discussed. The solid line is the IMF B z and the dotted line is the IMF B y . The middle panel shows the convection orientation (sunward and antisunward directions are indicated) and bottom panel shows the convection speed. The time history of the IMF shows that it was predominantly northward till 08:07 UT with magnitude of 6 nT. The convection was sunward (see middle panel of Fig. 1 ) in the polar cap as expected for strongly northward IMF conditions and the convection speed was of the order of 100 m/s (low speeds during northward IMF). The IMF turned to southward about 08:10 UT and the full excursion (from +6 to )5 nT) took around 12 min. The IMF remained southward till 09:00 UT. IMF B y was positive during the entire duration of the event with an average value of around 3.2 nT. At Eureka the convection, which was initially sunward, started turning antisunward at about 08:17 UT and became fully antisunward at 08:25. The convection speed increased starting at 08:20 (see Fig. 1 ). Using 08:20 as the time for the change from sunward to antisunward convection, the delay after the IMF southward turning (time adjusted for the ionosphere), to this initial response at Eureka was 10 min. After the initial response the speed of the convection progressively increased. The convection speed increase was not a sudden increase, rather it showed a systematic increase from 100 m/s to about 600 m/s during the ®rst 35 min after the change to antisunward convection. At 0855 UT there was a``step'' increase in convection speed to a peak value of 1200 m/s. Note that near this time the IMF returned to northward (at 08:57 UT). However, the convection remained at its peak value for about 20 min before starting to decrease. The decrease took about 30 min or longer (depending at what time was chosen on Fig. 1 ) for the end of the convection event. The convection response at a central polar cap location, therefore, took about 83 min (or longer) for a southward IMF excursion of about 50 min.
Another example for the convection response to the changes in IMF is given in Fig. 2 . The ®gure shows the IMF (top panel) and convection speed (bottom panel) between 00:00±12:00 UT for 26 March, 1997. This example is shown because there was a one-to-one correlation between IMF Bz changes and convection response even for small events. There are as many as seven transitions (including the short duration events) in IMF and corresponding changes in convection. This shows that the central polar cap convection is a good indicator of changes of IMF even for very short duration transitions. The individual events are not as clear as was that in Fig. 1 so one cannot say whether the convection responses shows both a progressive component and a step component.
For the event shown in Fig. 1 , the delay in the ®rst identi®able response at Eureka relative to the time when the IMF changes should ®rst impinge on the ionosphere was 10 min, whereas, for the events shown in Fig. 2 , there were small variations in the delay time between the change in IMF and convection response. The mean delay for these and other events (a total of 32 events) was 15 3 min delay for an initial response in the central polar cap after the IMF change at the cusp ionosphere. This time is relatively long compared to the plot of ionospheric response times shown by Fig. 2 of Lockwood and Cowley (1999) , therefore, the initial response time at the centre of the polar cap may be delayed by the order of 5 min relative to the cusp region. In the previous section we have described the changes in convection at a central polar cap station in response to a southward turning of the IMF. In this section we will discuss the convection response using simultaneous 2-station data. The next two examples show the convection response at two polar cap stations: Eureka, which is very close to the geomagnetic pole and Resolute Bay, 622 km south of Eureka. During these events, WIND satellite was tailward of Earth and the time of the IMF was adjusted to the time when the IMF changes should ®rst impinge on the ionosphere. There may be uncertainty in the adjusted time. However, our main interest here is to show the relative convection response at the two polar cap stations for a southward transition of the IMF. Figure 3 shows the variation of IMF (top panel) and convection at the two stations (bottom panel) between 10:00±16:00 UT (02:34±08:34 MLT) on 11 February, 1999 . Note that the convection and the IMF are 2 min averages. There are four transitions in the IMF with corresponding changes in convection. These are marked by arrows in Fig. 3 . In all four cases, the initial changes in convection are almost simultaneous at Resolute Bay and Eureka. However, there is a systematic delay in the arrival of peak of the convection at these two stations. The delays in the peak of the convection between Resolute Bay and Eureka were 4, 6, 16 and 10 min (calculated by crosscorrelation) for the ®rst, second, third and fourth events respectively. For all these events the peak in convection was observed ®rst at Resolute Bay and then at Eureka showing that the propagation is poleward. From these time delays the apparent phase velocity is highest for the ®rst event (2.5 km/s) and lower for later events. We interpret the higher velocity for the earlier events as an apparent phase velocity for a convection change propagating at an angle to the line joining the stations. Note that for the six hours shown, the relative location of Resolute Bay and Eureka changed signi®cantly.
Resolute Bay and Eureka are orientated approximately dawn-to-dusk of one another at 13:30 UT (between the second and third events), whereas for the ®rst and second events Resolute was antisunward of Eureka, and for the third and fourth events it was sunward. At 19:13 UT IMF turned southward and reached its minimum value of )4.2 nT at 19:22 UT. The initial response to the IMF turning was synchronous at the two stations. However, the peak in convection occurs earlier at Resolute Bay than at Eureka. The delay in the peak convection response between these two stations was 14 min. There was another transition at 19:50, which also showed the same delay between these two stations. During these times Eureka was aligned almost exactly in the anti-sunward direction from Resolute Bay. Therefore, any changes in the convection propagating from the cusp region should be seen ®rst at Resolute Bay, as was observed. The speed of propagation calculated from the time delay between the two stations is 740 m/s. This speed is comparable with the maximum convection speed for the ®rst event shown in Fig. 4 . Thus we infer that convection changes along a noon-midnight line running through the cusp appear to propagate over the polar cap with a speed close to the convection speed. Note that 740 m/s is near the low end of the maximum convection speeds that will be shown in the next ®gure.
The relationship between the maximum convection speed and the corresponding minimum in IMF Bz during these 32 events is shown in Fig. 5 (some additional data points for northward IMF have been added to this ®gure to show the complete variation with IMF). This ®gure shows that the maximum convection velocity increases linearly as the negative value of IMF Bz increases. A linear regression analysis on these data points (for southward IMF conditions) gives the relationship between the IMF B z and convection as V con (m/ s) = )10 ) 197´B z (nT). This formula gives the maximum convection speed for these transient events. This ®gure also shows that the typical maximum convection speed for the events that we studied was 900 m/s.
Discussion
The only conceptual model that is available for the highlatitude convection response to the IMF southward turning is by Cowley and Lockwood (1992) which is basically based on the mathematical formulation by Siscoe and Huang (1985) . This conceptual model of the polar cap response to short time (1 h) southward turnings of the IMF has a combination of two time dependant components, which are superimposed. One component is driven by the reconnection at the dayside magnetopause, while the other component is driven by the reconnection at the tail. Based on this two component hypothesis, Cowley and Lockwood (1992) predicted a pattern of central polar cap convection changes that can be compared with our observations. The variation of convection speed at Eureka shown in Fig. 1 is similar to their predicted pattern. However our observations appear to show some disagreement with their model since the maximum convection in the central polar cap appears to be reached before reconnection begins in the tail (see later).
To continue this discussion we show, in Fig. 6 , a sequence of sketches of the¯ow responses that are compatible with our observations. The timings will be for the event shown in Fig. 1 . Throughout this ®gure, the station locations R (Resolute Bay) and E (Eureka) are shown for noon LMT (i.e. the stations are aligned perfectly on the noon-midnight meridian). The sequence of sketches starts (Fig. 6a) with an equilibrium situation when IMF was northward for a signi®cant interval of time during which no low latitude reconnection (conversion of closed¯ux to open¯ux) has occurred and there is weak sunward¯ow in the polar cap. We show the sunward boundary of the polar cap at 78°(all latitudes in this discussion are magnetic) although we had no observational information to determine this latitude. On the nightside we show the polar cap openclosed ®eld line boundary at 74°. Although we had no direct measurement of this boundary since there was Fig. 6a±g . Schematic representation of the polar cap changes deduced from the observations. f Is deduced mainly from the observations of 22 March, 1997. E and R denote the location of Eureka and Resolute Bay with respect to the noon-midnight meridian (i.e., the stations are aligned perfectly in the noonmidnight direction) neither Northern Hemisphere DMSP particle data nor optical data at this time, there was a Southern Hemisphere DMSP pass at 0755 UT which showed the nightside polar rain boundary near 74°magnetic latitude. Also 74°is similar to the pre growth phase boundary latitudes shown in other substorm studies (e.g. Samson et al., 1992) . Figure 6a is the time when the IMF has just changed southward and the change has arrived at the cleft/cusp region ionosphere. This time is denoted by t a . At this time reconnection starts at the dayside magnetopause and the open-closed ®eld line boundary of the polar cap moves equatorward. We show this equatorward expansion of the dayside polar cap in Fig. 6b as starting as a bulge that then expands rapidly along the boundary polar cap in subsequent sketches. We estimate the latitude of the cusp part of the bulge at about 73°(see later for how we calculated this latitude). During the initial sunward expansion, shown in Fig. 6b , the reconnecting¯ux can be accounted for by the increase in size of the polar cap so that high antisunward¯ows are not required. We assume that this initial expansion time is of the order of 10 min. This is based on our observations of the delay from our calculated arrival time of IMF changes at the ionosphere and the time when we saw a start to the polar cap convection changes at Eureka. Therefore we show the time as t b = t a + 10 min.
At the end of this initial expansion, the¯ux that continues to reconnect must be accounted for by an antisunward convective¯ow, so a large antisunward convection must suddenly develop. We suggest a location for this convection step by the dotted line in Fig. 6b . The sequence of sketches will show the velocity step (dotted curve) propagating antisunward over the polar cap. We assume that a weak 2-cell convection appears at time t b , and strengthens in subsequent sketches. The next sketches show progressive development of this 2-cell convection pattern, with some propagation of the strengthening pattern around the periphery of the polar cap. This propagation velocity on the periphery of the polar cap has been estimated to be of the order of several km/s using dierent techniques (Etamadi et al., 1998; Todd et al., 1988; Saunders et al., 1992; . Figure 6c shows the time (t c ) when the step up to maximum velocity reaches Resolute Bay and Fig. 6d shows the time (t d ) when the velocity step reaches Eureka, near the centre of the polar cap. Our measurements show a typical time t d ) t c 14 min for the travel time from Resolute to Eureka. Note that our sketches show the development of the convection pattern not as a feature that simply propagates from the cusp region, but as a developing 2-cell pattern that spreads in from the periphery of the cap. The inward propagation implied in Fig. 6d , e is drawn so that the changing patterns agree with the observed time delays between Resolute and Eureka when the stations have non-noon-midnight relative orientations as they did for Fig. 3. For Fig. 6d and the event of Fig. 1 , the IMF now changes to northward again and the reconnection at the magnetopause now ceases and the dayside part of the 2-cell¯ow pattern starts to decline. This decline will be shown in Fig. 6e±g .
We next discuss the information that we have about the pattern of changes on the nightside, and which will be shown in the sketch Fig. 6e , f. We have a CADI station at lower latitudes (Cambridge Bay, 79°L, a distance of 1300 km south of Eureka) and for the event of Fig. 1 this was located antisunward from Eureka. Although this station had some technical problems at this time, it appeared to show that the velocity step continued to travel antisunward at about 1 km/s.
In the antisunward auroral region, for the event of Fig. 1 , we have data from the SuperDARN Radar at Saskatoon, and the CANOPUS magnetometer array. There was no CANOPUS optical data or DMSP satellite data for the time of this event. SuperDARN showed an equatorward motion of a band of echoes that was seen at about 70°latitude at the time of Fig. 6a, b . The expansion started at about t = 30 min, and at the time of Fig. 6d it had moved equatorward by about 2°. This equatorward motion continued and ultimately, at the times of Fig. 6e and f, the band of echoes was near 67°. There have been several studies that compared SuperDARN echoes with nightside auroral boundaries (e.g. Lewis et al., 1997 Lewis et al., , 1998 . A recent study by Voronkov et al. (1999) showed that the SuperDARN echoes tend to be collocated with the nightside proton auroral band. At substorm expansion phase onset the HF radar echoes were found to be at a latitude close to the substorm onset region. This is in agreement with our observation since, at the time of Fig. 6f (09:25 UT) we observed the start of substorm activity at 67°latitude as indicated by the CANOPUS magnetometer network. The H component of the magnetograms of part of the CANOPUS magnetometer array for 22 March 1997 (the day shown in Fig. 1 ) between 07:00±11:00 UT is shown in Fig. 7 . The magnetometers are for ®ve stations, all near 67°: DAWS (Dawson, 65.67°L), FSIM (Fort Simpson, 67.52°L), FSMI (Fort Smith, 67.88°L), RABB (Rabbit Lake, 67.69°L) and GILL (Gillam, 67.20°L) . These stations are near local midnight and thus suitably located for substorm detection. All the stations show magnetic substorm activity starting around 09:25 UT. The event was also identi®ed as a substorm using the geosynchronous (LANL satellite) particle data and AE index.
It is not clear whether the substorm trigger was the northward turning about 09:00 UT that can be observed in the IMF plot shown in the top panel of Fig. 1 . An interesting possibility is that the step in convection that we observed traveling across the polar cap might be somehow associated with the substorm trigger. The convection step had a peak speed close to 1.1 km/s and, (see Fig. 1 ) passed over Eureka at 08:55 UT. Assuming that it continued to travel at the same speed, it would have been at magnetic latitude about 72°at the time of the substorm start. Although we have no observational information about the polar cap boundary location at the time of this substorm start, other studies (e.g. Samson et al., 1992) show the nightside open-closed polar cap boundary near 72°at the start of substorms.
Thus, we can only suggest the possibility that the arrival of the polar cap transient at the nightside boundary might be associated with the substorm start.
Returning to the pattern of changes shown in Fig. 6 , we show the step in convection speed starting from the cusp in Fig. 6b . From the time dierence between t a and t c , which we have discussed earlier, we can estimate the starting latitude of the step increase in convection, and we can then compare this with the expected latitude of the cusp region. For t a we use the time when we saw the ®rst convection response at Eureka. At Eureka we were measuring the convection and so could directly obtain the time, t c. The cusp distance from Eureka was calculated as (t c ) t a )´(measured V con max.). The estimated cusp locations for the 32 events are shown in Fig. 8 . The ®gure also shows the empirical cusp location (solid line) from Newell et al. (1989) . The calculated locations are all slightly poleward of the statistical location of Newell et al. (1989) . However, we think that the ®gure shows good agreement allowing for the fact that, as mentioned earlier, our estimation of t a from Eureka might be systematically late by a few minutes. This agreement between the statistical cusp and the inferred location of the velocity increase seems to con®rm that the convection step starts at the cusp and then propagates poleward. Therefore, the time of maximum response is not simultaneous at all the polar cap stations. The typical phase speed of the poleward propagation is 900 m/s.
The eect of IMF B y , which we have not considered in this study, may have signi®cant in¯uence on the delays and the response of the polar cap convection after an IMF turning. The eect of IMF B y is to shift the location of the merging region, and hence the cusp location, to post-noon and pre-noon sectors (Gosling et al., 1991) and this rotates the entire polar cap convection towards earlier (later) local times during positive (negative) IMF B y conditions (Jayachandran and MacDougall, 1999) . Do these patterns of changes that we suggest based on our observations, as illustrated by Fig. 6 , agree with some of the current ideas about the nature of polar cap changes for southward IMF turnings? The main current discussion is about the time-history of the development of the 2-cell pattern after a southward turning. There are convincing arguments both for almost simultaneous development of the pattern over the entire polar cap (see Ridley et al., 1999) , as well as for the propagation of a developing 2-cell pattern peripherally from the cusp (see Lockwood and Cowley, 1999) . Our measurements of central polar cap convection appear to show evidence that both of these patterns of development may be simultaneously present. The events that we studied showed that even in the central polar cap there was a start to the convection response close to the time when the cusp reached its equatorward expansion limit. Following this quasisynchronous start, the central polar cap convection increased progressively. Thus we see a response, during the initial part of the event, that is compatible with the simultaneous response pattern suggested by some of the other studies. However, if the turning of the IMF is suciently rapid (as it was for the event shown in Fig. 1 and for the ®rst event in Fig. 3 ) then we also clearly see, in addition to the progressively developing convection, a step in convection that indicates a propagating pattern of change. Therefore the total response pattern diers depending upon whether the turning is rapid or slow. In our Fig. 6 sketches we have attempted to show both the simultaneous development pattern and the propagating features for a rapid IMF change.
It is interesting to speculate whether the travelling step in convection that we observed might somehow be associated with the¯ow bursts that were studied by Watanabe et al. (1998) , and which were observed just prior to substorm onset. The SuperDARN radars did not show echoes from latitudes higher than the auroral region for the event that we studied in detail. Therefore we cannot say whether there were¯ow bursts associated with this substorm. We plan to return to the question of a possible association of the traveling step in convection and¯ow bursts in a later study.
On the nightside, our implied patterns of change seems to agree reasonably well with suggestions about the response from Lockwood and Cowley (1999) and from MHD modeling studies by Lopez et al. (1999) . For the event of Fig. 1 whose relative times we use in Fig. 6 , the nightside auroral expansion started about 35 min after the IMF turning should have arrived at the cusp ionosphere, or about 20 min after the cusp expansion was completed. The 20 min agrees well with the Lopez et al. (1999) modeling.
Conclusions
During short (1/2±1 h) southward turnings of the IMF in the polar cap we observe the following patterns of convection change: (1) a 2-cell convection pattern that appears to start developing almost simultaneously over much of the polar cap; (2) a delayed convection speed maximum in the central polar cap and (3) a step in convection speed that propagates poleward from the cusp region if the IMF change is suciently rapid.
Other observers examining the convection changes on the periphery of the polar cap have reported observations of either quasi-synchronous changes, or propagating changes. Our observations show that the changes have both a quasi-synchronous component and a propagating component.
